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TA'73EIVi A12 PnOPELLERS - I l 
By E .  P. L e s l e y  
T e s t s  of t h r e e - b l n d e ,  a d j u s t a b l e - p i t c h  c o u n t e r r o t a t -  
i n g  tandem model p r o p e l l e r s ,  a d j u s t e d  t o  a b s o r b  e q u a l  
power a t  maximum e f f i c i e n c y  of t h e  c o m b i n a t i o n ,  were made 
a t  S t a z f o r d  U n i v e r s i t y .  
The aerodynamic  c h a r a , c t e r i s t i c s ,  f o r  3 l a d e - a n g l e  
s e t t i n g s  of 15O, 25O, 3 s 0 ,  45O, 55O, and 65O a t  0.75R of 
? h e  f o r w a r d  p r o p e l l e r  and f o r  d i a n e t e r  spacin6;s of 8-112,  
1 5 ,  and 30 p e r c e n t  were coznpz,red w i t h  t h o s e  of t h r e e - b l a d e  
and  s i x - b l a d e  p r o p e l l c r s  of t h e  same b l a d o  form. 
I t  was f o u n d  t h a t ,  ia o r d e r  t o  r o a l i z z  t h e  c o n d i t i o n  
of e q u a l  power a t  maxinum e f f i c i e n c y ,  t h e  b l a d e  a a g l e s  
f o r  tLe  r e a r  p r o p e l l e r  must be g e n e r a l l y  l e s s  t h a n  f o r  t h e  
f o r w a r d  p r o p e l l e r ,  t h e  d i f f e r e n c e  increas i - I ; . ;  w i t h  S l a d e  
a i l g l ~ .  
The t e s t s  showed t h a t ,  a t  nax inun  e f f i c i e n c y ,  t h e  
t a n d e n  p r o p e l l e r s  a b s o r b  a b o u t  d.ouble t h e  power of t h r e e -  
b l a d e  p r o p e l l e r s  and a b o u t  8  p e r c e n t  more power t h a n  s i x -  
b l a d e  p r o l 3 c l l e r s  h a v i n g  t h e  p i t c h  of t h e  forward.  p r o p e l l e r  
of t h e  taad.em conb ima t ion .  
The n a x i a u n  e f f i c i e n c y  of t h e  t a n d e n  p r o p e l l e r s  was 
f o u n d  t o  be f rom 2 t o  1 5  p c r c c n t  g r e n t c r  t h a n  f o r  s i x -  
b l a d e  p r o p e l l e r s ,  t h e  d i f f o r e n c c  v a r y i n g  d i r e c t l y  w i t h  
bla,de a n g l e .  f t  w a s  a l s o  f o u c d  t h a t  t h e  mnximun e f f i c i e n c y  
of  t h e  t a a d e n  p r o p e l l e r s  was g r e n t c r  t h a n  t h a t  of a  t h r e o -  
b l a d e  p r o p e l l e r  f o r  b l a d e  a n g l e s  a t  0 .753  of 25O o r  n o s e .  
The d i f f  e r c n c e  i n  maxinum e f  f i c i e n c g  n g a i l  v a r i e d  d i r e c t l y  
w i t h  b l a d e  a n g l e ,  b e i n g  a b o u t  9 p e r c e n t  f o r  65' a t  0.75R. 
T e s t s  of two-b lade  o p p o s i t e l y  r o t a t i n g  tandem p r o p e l -  
l e r s  were c a r r i e d  ou st S t a n f o r d  U n i v e r s i t y  i n  2918 ( r e f e r -  
ence  1 ) .  The r e s u l t s  were  n o t  p r o n i s i n g .  I t  was found  
t h a t  t h e  e f f i c i e n c y  of t h e  c o z b i n n t i c a  w2s l e s s  t h n c  t S a t  
of a s i ~ l g l 8  two-b lade  2 r o p e l l c r .  Blthoutyh no t e s t s  of 
f o u r - b l a d e  p r o p e l l e r s  were  nnde at t h e  t i n e ,  i t  ilolc ap- 
p e a r s  t h a t  t h c  ttnndern p r o p e l l e r s  sliowed l i t t l e ,  i f  a n y ,  
g r e a t e r  e f f  icienc:? t h a n  would be c x p e c t e d  f o r  f o u r - b l a d e  
p r o p e l l e r s  of s i n i l o r  form d e s i g n e d  t o  a b s o r b  t h e  s a n e  
power. I t  ~ . - ~ z s  a l s o  f o u n d  t h a t ,  i n  t h e  re{;ioa of n a x i n u ~ ?  
e f f  i c i e ~ i c y ,  t h e  t orq-ue of e i t h e r  2 r o p e l l e r  was r e d u c e d  
when t h e  o t h e r  d e v c l o 2 e d  t h r u s t ,  The nax inun  p i t c h - d i a n -  
eLe r  r n t i o s  er iploye6 i n  t!lese t e s t s  was. 0 .9 ,  which c o r r e -  
sponds  t o  n  b l a d e  an:;le of 21° a t  75  p z r c e n t  of t h e  t i p  
r n d i u s  ( 0 . 7 5 2 ) .  
A t  abou t  t h e  s axe  t i m e ,  Lanc2:ester shove& t h a t  t a n -  
den  p r o p e l l e r s  m i < - ? i t  d e v e l o p  c o i i s i d e r a 5 l p  g s n a t c r  c f f i -  
c i e c c g  t h a n  3 s i n g l e  p r o p e l l c r ,  p a r t i c u l a r l y  f o r  p i t c h -  
d i a n e t e r  r a t i o s  a s  s r e u t  a s  2 o r  p o s s i 5 l g  3 ( r e f e r e o c e  2 ) .  
A s ccoad  exgcrime::tal study of t h i s  s u l ~ j c c t  wns ;:lade 
a t  S t a n f o r d  i n  1958  ( r c f e r 3 n c e  31, I t  was shown t h a t ,  
c o n p a r s d  w i t h  f o u r - 9 l a d ~ >  p r o p e l l e r s  absorb in :?  abou t  t h e  
s a n e  powcr,  t h e  tar idea p r o : p c l l e r s  deve loped  t h e  h i g h e r  
e f f i c i c : l c y .  The ?;air, i n  e f f i c i e n c y  W ~ . S  found  t o  be n o r c  
3ronounced  f c r  t h a  pro ;+e l l . e r s  of l a r g e  51a3c  a n g l 2 s ,  be- 
i n g  a b o u t  0 . 0 0 5  f o r  15" a t  0.7'5B m.6 0.615 f o r  45O a t  t h e  
s a n e  s t a t i o n .  I t  t.:i'is a l s o  foul?.:: t!?.at, f o r  t h o  l a r g s s t  
b l a d e  a n g l e  i n v e s t i g a t e d ,  45" at 0.-75R, t h o  t s n d e n  p r o y e l -  
l c x s  were s l i g h t l y  s u 2 e r i o r  i n  e f f i c i e n c y  t o  a  s i n g l e  
two-b lade  p r o p e l l e r .  I n  viaw of t h e  p r o n i s i n g  r e s u l t s  of 
t h e s e  t e s t s ,  p a r t l c a l a r l y  f o r  t h c  h i g h e r  b i a d e  a a g l e s ,  
t h e  s u b s e q u e n t l y  d e s c r i b e d  i n v e s t i { ; n t i o n  w z s  c a . r r i a d  on 
a t  t h e  r c q u c s t  and  w i t h  t h e  f i n a n c i a l  n s s i s t n n c o  of t h e  
Hat i c n n l  Adv i so ry  C o n a i t t e e  f o r  Acronp.ut i c o n  
Thc t e s t s  r o p o r t e 8  i n  r c f e r e n c c  3 indic:xted an e f f i -  
c i e n c y  a d v a n t a g e  l o r  t a n d e n  2 r o p e l l e s s  t h a t  v a r i e d  d i -  
r e c t l y  with b l n d e  &ig le .  I t  was t h e r e f o r e  prosu; ied t h a t  
g r e a t e r  bla.de a n g l e s  would show g r e a t e r  a d v a a t a g e s .  For  
t h e  a i r p l a x c  spee6-s 3 0 1 5 1  c o n a o n l y  a t t a i n e d ,  g;reater b l a d e  
2 n g l e s  t h a n  t h o s e  enp loyed  i n  t h 3  p r e v i o u s  t c s t s  n i g h t  be 
d e s i r z b l e  a n d ,  f o r  speed-s of 400 t o  500 n i l e s  p e r  h o u r  
and  f o r  p o r c i s s i b l e  r a s a l t a n t  t i i ~  s p e e c 3 ,  b l n d e  n n c l e s  a s  
g r e a t  a s  65O n i g h t  3 e  r e ~ u i r e d .  Fhc rLi,:.,e of b l a d e  n n c l e s  
er.iploged i n  t h e  p r e s e n t  i n v e s t i g a t i o n  wcs t h e r e f o r e  ex- 
tendea-  t o  i n c l u ? ~ e  650 n t  0.752.. T1:ree b l a d e  u n i t s  werd 
chosen  f o r  t h e  t n c d e n  c o n b i n a t i o n  and  n s i x - b l a d e  p r o p e l -  
l e r  f o r  c o ~ . l p a r i s o n  -zrith i t .  
Thc conc!.ition s e l z c t e 2  Z o r  t h e  tanf icn : ~ r o p e l l e r  t o s t s  
was t l i n t  t h e  powers n b s q r b c d  by t h ~  cwo p r o p e l l e r s  shoal?-  
he  e q u a l  a t  n a x i n u n  e f f i c i e n c y .  Xicce t h e  a n g n l n r  v e l o c i -  
t i e s  were e q u a l ,  t!5s co3di t io r . i  p r o v i d e d  t h a t  t h e r e  would 
b s  bc,lanced t o r q u e  and a  s l i p s t r e a n ,  on t h e  a v e r a g e ,  f r e e  
f r o n  r o t a t i o n .  
T~Tind t u 9 n . d . -  !?he e x p e r i n e a t s  were c a r r i e d  on i n  t h e  
wind t u n n e l  of  t h e  D a n i e l  Gu~genlieirn Acronau-t ic  L a b o r a t o r y  
a t  S t a n f o r d  U n i v e r s i t y .  The t a n n e l  i s  of t h e  E i f f e l  ty12c 
w i t h  Opcil t h r c a t ,  7 -1 /2  f e e t  i n  d i a n e t o r .  The na.xinun 
win$- vc1oci:y i s  90 n i l e s  p e r  hour .  
D g n a n o n e t z . -  Tho n o d e l  p r o p a l l e r  d g n n n o n e t e r  h a s  
been  d e s c r i b e d  iii r e f e r e s c e  3 ,  I t  p r o v i d e s  f c r  n e a s u r c -  
12ent of t o rquc  on t h e  2;wo p r o p e l l c r s  f m d e I ~ s : ~ d e n t l y  so t h a t  
. the d i f f e r e n c e  i n  power a b s o r 3 e d  ~ z s  w e i l  a s  t h e  t o t n . 1  nay  
be  d e t e r c i z e d .  Onlx t h ~  t o t a l  t h r u s t  i s  n e a s u r e d ,  
Model pro13elL e z .  - The r i g h t -  an;!. .the l c f  t -hand  
- 
t h r e e - b l a d o  y r o p e l l e r s  f o r  tP.3 t a n d e n  c o n b i n a t  i o n  were  
t h r e e - f o o t - d i z , n e t e r ,  a e t a l ,  a d j u s t a b l e - p i t c h  models  of 
s t a n d a r d  U.S. Navy p l n n  f o r n  and b l a d e  s e c t i o n s ,  The geo- 
n c t r i c a l  p i t c h - d i n n e t o r  rat.5.0, f o r  a S l a d e  , a E g l e  of 1 6 . c 0  
a t  0,75R, was 0 .7  f r o n  0 . 6 3  outward t o  t h e  t i p .  The 
p i t c h - d i a . n e t e r  r a t i o  t ; radua l lg  decreased!  toward  t h e  llub 
f r o r  O.GR t o  0.42 a t  0.15R. D incns ioned  d r a w i n g s  znd s e c -  
t i o n  o r d i n a t e s  of t h e  b l a 2 e s  ( d e s i g n a t e d  E> a r e  t;iveil i n  
r e f e r e n c e  4. 
11: t h e  s i x - b l a d e  T r o p e l l c r ,  t o  p r o v i d e  s u f f i c i e n t  
r o o n  f o r  t h e  b l a d e - c l n i ~ y i ~  d e v i c e ,  ti?c hub was :?cdc 1 
i n c h  g r e a t e r  i n  d i a s e t e r  t han  t b e  t h r e e - $ l a d e  hu59. The 
b l a d c s  were t h u s  s e t  o u t  1 / 2  i n c h ,  making t h e  p r o l 2 e l l e r  
37 i a c h e s  i n  d i a n c t e r .  As a r e s u l t ,  t h e r e  wore s l i g h t  
d i f f  e r e i l ce s  i n  p i t c h - c l i a n e t  c r y  w i d t h - d i z n e t e r ,  a n 2  t h i c k -  
n e s s - w i d t h  r a t i o s  a s  f u n c t i o n s  of t h e  r a t i o  o f  s t a t i o x  
r a d i u s  t o  t i p  rne'ius ( r / ~ )  f o r  t h e  t h r e e - b l a d e  an?. t h e  
s i x - b l a d e  n o i t e l s ,  a s  shorin i n  f i g u r 3  1, lqjiile t h e s e  d i f -  
f e r e n c e s  n i , ; h t  c o : ~ c e i v n b l y  have  sooe  e f f e c t  on c o n p a r a -  
t i v e  t e s t s  of t h r e e - b l ~ ~ d e  a n d  s i x - 5 l a d e  p r o p e l l e r s ,  i t  i s  
b e l i e v ~ d -  t h a t  such  a n  c f f e c t  would be i n s i g n i f i c a n t  i n  
compar i son  w i t h  t h e  e f f e c t  of d i f f e r e n c e  i a  s o l i d i t y .  "he 
appearo i lcc  of t h e  p r o p e l l e r s ,  w 5 e n  mounted on t h c  dynanon- 
e t e r  r c a d y  f o r  t e s t ,  i s  shown i n  f i ~ u r e s  2 a n d  3. 
T c s t s .  - Z e s t  a were nadc of e a c h  p r71 ;e l l c? r  a l o n e ,  
t i i ree-31adc r i g h t - h a n d ,  t h r 9 c - b l a d c  l e f t - h a n d ,  and s i x -  
??l:ldc, f o r  b l a d e .  ani1;len c f  15O, 25",  3s0, 45", 55O, nsd 
55O a t  0.75R. T e s t s  92 t h e  t a n d c n  p r o p a l l e r s  were  nnde  
w i t h  tile f orwnrd ( r i g h t - h o n d )  pro :>c l le r  a l s o  s e t  a t  t ? l e s e  
11lade a11,:les b u t  w i t h  t l lo  r e a r  (12 f  t -hand)  p r o p o l l - e r  ad- 
j u s t e d  t o  a 5 s c r 5  t? ic  sx :e  powcr as t k e  f orwar2  p r o p e l l e r  
a t  naxixur.1 efficiency 7t.' ti=c c o n l ~ i n a t i o : n .  T o r  t h e  25' 
b l a d e  a ~ 2 ~ l c  o f  t h o  tanCern p r o i ~ e l l c r s ,  t h r e e  a x i a l  spac -  
in2;s were cn i ) loyed ,  1-112 p e r c e l t ,  1.5 ~ e r c e ; ~ t ,  and 30 
p e r c e n t  of t h e  d l x n s t c r ,  f r o c  c e n t e r  t o  c e a t e r  of t h e  
b l a d e  shnilks. O the r  t a 2 d e r a - p r c p o l l c r  t e s t s  ~ c r e  na6.e n t  
t h e  1 5 - 2 e r c e n t - d i n c e t e r  s p a c i n g  on3.y. 
Co2s tnnt  a r t ; u l a r  v e l o c i t i e s  :?ere u s e d  f o r  e a c h  b l a d e  
a n g l e ,  v a r i a t i . o n  i : ~  t h e  ~ a r a : . ? e t e r  V / ~ D  (p f - t ch -d inme te r  
r a t i o )  b c i a c  sec7.zred throac;h  ckz.nze of t h e  wind v e l o c i t y .  
3cca-use of l i c i t n t i o i ~ s  i a ~ o s z d  by r2axinun win$- spccc?. a116. 
32 power and  r o t n t i ~ n n l  speed  a v a i l a b l e  i n  t h e  ?ynnnonc- 
t c r ,  t h e  r o t n t i o n n l  s p s e d s  e c 2 l o g c 2  w o r e  2 , 1 0 5 ,  2 , 1 0 0 ,  
1 , 5 7 5 ,  1 , 1 5 0 ,  9 0 0 ,  and  650 r . 2 .n .  f o r  t h e  15', 2 5 3 ,  35",  
45', 55O, and 65O ?? lade  angle$, r e s ; j e c t i v c l $ ,  The Begnol6s  
2?aubar of t h e  t e s t s  t 3 u a  v-nr ied f r o n  0.116 t o  0.036 f u l l  
s c a l e ,  assu;niu?g f u l l - s c r t l e  pro3~lz!..lers9 f e e t  i n  c l i z n a t c r  
t a r n i c ~  a t  :?,000 r.j?.::~. Thc t e s t  d a t a  were reduced. t o  
t h e  coefficient f 3rn: 
PI 
T:I-rust c o e f f i c i e n t ,  C T  = --f- 
p n 2 ~ "  
y.'V - CT y E f f i c i e n c y ,  = -- - -- 
P Cp i13 
Speed power c o e f f i c i e n t ,  C s  = 
Pn 
vh.ere T i s  p r o p e l l e r  t h r u s t ,  
p ,  Z G S S  C e n s i t y  n f  t h e  a i r .  
n ,  r e v o l u t i o n s  ? e r  u n i t  t i n e .  
D, 1 ~ r o ; ~ e l l a r  ~ ~ i e n e t e r .  
P ,  ;~owcr cbs or'2ed. 
Y, v e l o c i t y .  
The d i f f e r e n c e  i n  b l n d e  a ? i , ~ i e  reo-n i red  t o  n e e t  t h e  
c o n d i t i o n  of b.-,lanced t o r q n e  a t  n n x i n u z  e f f i c i e n c y  of t h o  
t a n d e n  p r a p c l l c r s  i s  shown i z  f i g u r e  4. I t  a g r e e s  c l o s e -  
l y ,  p o s s i l l y  w i t h i n  t h e  e r r o r  of n e a s u r e n e u t ,  w i t h  t h a t  
f o u n d  i n  r e f e r a n c e  3. The c o n c i u s i o n  r e a c h e d  i n  r e f c r c n c e  
1, t h n t  t o  a b s o r b  e q - ~ n l  power t h e  two p r o 2 e l l e r s  shoul-d 
hz.ve t h e ,  same p i t c h - d i a m e t e r  rat  l o ,  a p p e a r s  t o  have  b c ~ i i  
n o t  f a r  w ~ o n g  f o r  t h e  b l n d e  a n g l e s  e c p l o g c d ,  12" t o  21'. 
That t h e  d i f f e r e n c e  s h o u l d  v a r y  d i r e c t l y  w i t h  b l a d e  
a n g l e  mi.:;ht have  beex precicte:!. Froci ~ o z i e n t u n  t h e o r y ,  
t h e  f o r v z r d  p r o p e l l e r  f n d a c o s  i n c r c n e G t s  t o  t h e  v e l o c i t y  
of t : ie  c i r  s t renrn a c t i n g  02 t l i e  r e a r  p r o p c l l c r .  Tho z x i a l  
i n c r o s ~ c i l t ,  i n d u c e d  by  t h r u s t ,  d e c r e a s e s  t h e  a n g l e s  of 3.t-, 
ta.cls: of t h e  r e a r  p r o p e l l e r  S l a d e s .  Th.3 c i r c u n f e r c n t i c l  
increr :cs t ,  i nduced  by t o r q u e ,  i : - . c~enses  t h e  a n g l e s  of a t -  
t a c k .  Fron  b l a d e - e l c n e n t  t h e o r y ,  t h r u s t  v a r i e s  i n v e r s e l y  
and t o r q u e  d i r e c t l y  w i t h  b l n d e  a n ~ l e .  T l ~ e r o f o r e ,  a s  t h e  
b l a d e  c,nglc of  t h e  f o r w a r d  propeller i s  i n c r e a s e d ,  t h e  
a n g l e s  of a t t a c k  of t h e  r e a r  p r o p c l l c r  t e n d  t o  becone p r o -  
g r e s s i v e l y  g r e a t a r  and i t s  b l a d e  a n g l c  n n s t  be r e d u c e d  t o  
r e a l i z e  t h e  c o n d i t i o n  of S a l a n c e ?  t o r q u e .  I t  f u r t h e r  s e e u s  
q u i t e  p o s s i b l e  t h a t ,  a t  t h e  15O b i a d e  a n g l c ,  t h e  a x i a l  
i nc rez l cn t  of v e l o c i t y  i s  g r e n t  enough t o  n o r e  t h a n  over -  
cone  t h e  o f f e c t  of t h e  c i r c u n f e r e n t i a l  i n c r c n e n t .  T!ie 
r e a r  j a r o p c l l e r  b i a d e s  n u s t  t h u s  have  a g r e a t e r  a n g l e  f o r  
b a l a a c e d  t o r q u c ,  a s  shown. 
V n r i n t i o n  i n  a x i a l  s p x c i ~ l g  of tnii?.cn p r o p e l l e r s  i s  
faun? t a  have  2 n i a o r  e f f e c t  on p e r f ; r n n n c e ,  F i g u r e  5 
shows t h e  r e s u l t s  of t e s t s  f s r  t h e  250 b l a d e  a n s l e .  I t  
nag 5 c  seen  t h a t ,  f o r  c o n t i n u e d  b a l a n c e d  t c r q u e ,  t h e  b l a d e  
angle of t h e  r e a r  p r o p e l l z r  i s  i ~ c r s a s e d  s o n e v h a t  a s  t h e  
s p a c i n g  bzcones  g r e , ? t e r .  The t h r u s t  and- p o ~ ~ r c r  c o e f f i c i e n t s  
a l s o  var:r s l i g h t l y  and d i r e c t l y  w i t h  a x i a l  s p a c i n g .  Th i s  
v a r i a t i o n  i s  p e r h a p s  l i t t l i?  n o r e  t 5 a ~  tvould be c x p e c t c d  
f r o n  t h e  change  i n  3 l a d e  m r l c  of t h e  r e a r  p r o p e l l e r .  S ix - -  
i l a r  r e s u l t s  were d e r i v e d  f r 3 n  t h e  t e s t s  of r o f e r e n c c  3. 
TLe a p p a r e n t  e f f e c t  3f s p a c i n g  011 s f f i c i a n c y  i s  ex- 
t r e n e l y  s n n l l ,  b u t  t32t i a d i c a t e d  by t h c  p r e s e n t  t e s t s  i s  
o p p o s i t e  t o  t h a t  sh?vn  i l l  r e f e r a n c e  3. 11: e i t h e r  c a s z ,  
however ,  t h e  chanc,e i n  maxinun e f  f i c i e n c y ,  p r e s u n z b l y  
Bromi;lnt a ' ~ o u t  b y  v a r i a t i o n  i n  spacin:;, i s  l e s s  tl-.an 1 p e r -  
c e n t .  S i n c e  t h e  e f f e c t s  a r c  s n a l l  a-d i a c o i s i s t e n t ,  
t h e y  ma: b e  a t t r i b u t e d  t o  e x p e r i n e n t a l  e r r o r .  As e v i -  
denced  5y c o ~ ~ s e c u t i v e  t s t s  of a s i n g l e  p r o p e l l e r ,  t h e  
p r o b a 3 l c  e r r o r  i n  ~ a x i n u n  e f f i c i e n c y  i s  a b o u t  0 . 0 0 5 .  
The t e s t  d a t a  f o r  r i g h t - h a n d  t h r e z - b l a d e ,  s i x - b l a d e ,  
and t anden  p r o p e l l - c r s  nile g i v e n  i n  t a b l e s  I ,  TI, and  111, 
For  t 3 a  t a ~ d c n  p r o p c l l c r s ,  CE and G s  a r c  c o e f f i c i e n t s  
cocpulzd  f o r  t h e  t o t a l  power a b s o r b e d  and  CT a c o c f f i -  
c i e n t  f o r  t o t a l  t h r u s t .  The v a l u a s  i n  t h e  c o l u n  headed  
C~(RH-~E) a r c  t 5 e  d i f f c r e ? c c  i n  2ower c o e f f i c i e n t s  of 
t h e  fo l lua rd  ( r i g h t - h a n d )  and r e a r  ( l e f t - 5 a n d )  p r o p e l l e r s .  
I:l f i g u r e s  6 ,  7 ,  and  8 ,  C p ,  CT, and  a r e  r e p r o -  
s c n t e d  a s  f u n c t i o n s  o f  ~ / n 3 .  In  t h e s e  f i g u r e s ,  l o g s r i t h -  
n i c  s c a l e s  a r c  c n ~ l o g e d ,  which p c r n i t s  shovi.:~g s n a l i  and. 
l a r g e  ? u n c r i c a l  v a i u c s  of t h c  d a t n  w i t h  c q u n l  r c l c t i v e  
accu-racg- a n d ,  a t  t h e  s a n e  t i n e ,  k e e p s  t h c  d i n ~ r a n s  w i t h i n  
modera t e  s i z e .  Thesc f i g u r e s  w ~ ~ c  p r e p a r e d  b y  p l o t  t i a s  
% h e  t a 3 n l a r  t o  a r i t h n a t i c n l  s c a l c s ,  d r awing  r z p r e s e n t n -  
t l v c  c u r v e s ,  2nd t~ .k i l ?< ;  c f f  v a l u e s  of CT, Cp, a11d q 
a t  c o n v c n i c n t  p o i n t s .  If p i c t t c d ,  p o i ~ t s  w i l l  b e  found  
t o  l i e ,  w i t h  few e x c e ? t i o n s ,  upon o r  v e r y  c i o s e  t o  t h e  
c u r v e s  sh011il. 3 2 s i g 2  ck._r:,rta f o r  t h e  s e l . e c t i o n  of t h r e c -  
b l a d e ,  s i x - b l a d e  nnd tni:den p r o p e l L a r s  c r e  s?hown i n  f i g -  
i l r c s  9 ,  L O ,  and  11. 
G r a p h i c a l  and t a S u l a r  d c t n  f o r  t h c  t h r e e - b l a d e  l e f t -  
h a n d  p r o p o i l e r s  a r c ,  i n  t h e  i n t c r a s t  o l  b r c v i t y ,  o m i t t e d  
f r o =  t h i s  ~ e p o r t .  ~t was f ~ u d t , h a t  t h o  r c s : r l t s  o f  t c s t s  
of ri::ht-hna?. srld lo f t -hand .  p r o ; ? o l i e r s  w e r e ,  w i t h i n  t h e  
li::.i"c firnposcd 32 probai!ic e r r o r s  i l z  b l n d c  a i l g l ~ ~  c,nd i n  
c x p e r i n c i z z s l  05serv:?,lj.o::s, s -cbstant  i a i l a  t h e  s a n e .  T ~ G  
p r o b a b l e  e r r : ~ s  i n  >In?-c 3,n:;;lc i s  LO.lo. 3 e c e u s c  of pos-  
s i b l e  i n c l i n a t i o : ~  zf the n a a d r o l  on which t h e  p r o p e l l e r s  
wcrc :?laced f o r  b l a J e - a n + ; l e  a h j u s t c e n t  z n d  neasu rc i . i ea t ,  
t h e  e r r c r  say have  bcez  of one s i t i , n  f 2 r  t l ic  r i g h t - h a n d  
p r o - p z l l c r s  o f  t h e  o p p o s i t e  s i c n  f o r  t h c  l c f t - h a n d  pro-  
p c l l ~ r a ,  A d i f f e r c i i c c  i n  S l a d e  a ~ : g l a  of 0 .23  i s  s u f f l -  
c i e n t  t o  accoui i t  f o r  t h e  n a j o r  p a r t  o f  t h e  d i s a g r e e n o n t  
i n  r e s - c ~ l t s  of . t e s t s .  
Fi;:urs .> 1 2  shows t lrc e f f e c t  o f  each. :2 roge l le r  of t h c  
t nnden  coz lb ina t ion  upgn t h a  power absokbod by t h e  o t h s r  
a t  naxinuci c f f i c i c n c : ~  (q:-.1ax) For  t h e  f o r w a r d  p r o p e l l e r ,  
tlze c f f  e c t  show:? was . r J ; e r i ~ o d  ?)a :?9rect  con$.?<rison of t h c  
Cp f o r  thzu t  $2 ropc l l cT  whca n l o n e  wi th  t h c  C p  when i n  
t h e  t i ? , i ~ d ~ n  conbi:intio;i.  In t3.e seco:id c n s e ,  Ci? i s  geia- 
e r a l l y  onc h a l f  t h o  Cp f o r  t h e  t a n d e n  p r o p a l l e r s  a s  a 
whole  s i 3 c e ,  a t  21.~1xinu;2 e f f i c i e n c ~ ,  t h e  t o r q u e  w3.s b a l -  
a n c e d  a s  2 c a r l : ~  a s  2 r a c t i c a b l e .  For  t h e  r o a r  p r o p a l l e r ,  
i t  was i i e c e s s r ~ r y  t o  i n t o r y ~ o l a t e  power coefficients f o r  
t h o  p r o p e l l e r  n l o n c  bccnusc  t ; c i lc ra l lz  t h a t  p r o p e l l e r  was 
t e s t e d  a l o n e  o n l y  a t  t?lc s n a e  b l a d e  nnzl-es a s  t h e  forwarr: 
p r s p c l l a r .  A check  t e s t  f o r  t h o  r s o r  p r o p c l l e r  a t  53.1° 
was cndc.  The c o e f f i c i e i ~ t s  3.grced c l o s c l y  w i t h  t h o s e  dc- 
r i v e 6  5y i n t e r p o l a t  i o ~ l .  
F i g a r e  l 2  shows t h a t  tbc r c a r  p r o p e l l e r  h a s  a n e g l i -  
!;iblc e f f e c t  01: t h e  power a b s o r b e d  by t h e  f o r w a r d  p r o p c l -  
l o r  f o r  Slaclc a a < ; l a s  E y r e a t c r  t h a n  25'. A t  lowcr  51nd-c 
a i l<; lcs ,  t h e  llower csbsorbccl bg t h e  f ~ r v r a r d  isro:zcller  i s  
clo;creasecl_ 1137 t h o  a c t i o n  of  t h e  r c a r  p ro : i le l lc r .  For  t h e  
r e a r  p r o p e l l e r ,  t h a  i;ovcr nbso rbed  i s  ; ; r ea t ly  i n c r e a s e d  
b : ~  t h o  forwa.rd p r o p c l l c r  a,t t h o  l a r g e s t  b l a d e  n i l ~ l e  aild 
r educod  by a 3 o u t  t h e  s2ne a n o u a t  a t  t h e  s n : ~ l l c s t  isla?-c all- 
. Th i s  f i g u r e  i s  effectively i n  a g r e e n e l t  w i t h  f i ~ u r e  
4 .  I t  al-so'  b e a r s  ou t  t l la c o n c l u s i o n  of z'ef s r e n c e  1 t h z a t ,  
f o r  b l a d e  n i lg l e s  of 210 ai:d l e s s ,  t h e  ;jower ?*bsorbct?. by 
e i t h e r  y T o p o l l a r  .is rc.duced 57 t h e  liresc:xce o f  t h e  o t h e r .  
A sunnar:? of : :~c r f  orr.ic.i>ce c h a r a c t e r i s t i c s  a t  nnx inua  
. - 
eff ic ie i1c. j -  f o r  t h r o c - b l r , d e ,  ~ 1 1 ; -  31ar'-e, 32d t a n d e n  ;?ropcl-  
l c r s  i s  sh;wn i n  l i5;ure  13. I t  i s  o v i d e ~ ~ t  f r o n  t h i s  fit;- 
u r e  t h a t ,  f o r  b l n d e  an6;les nbove 25",  t h e  power a b s o r b e d  
by t 5 e  t anden  p r c p ~ l l e r s  i s  a??out  t w i c e  t h a t  a b s o r b e d  b y  
a s i n g l e  t h r ~ e - b l : : ~ d c  y ) roz , e l l e r  of t h e  s a n e  s i z e .  For  
b l n d e  a:~$:les l c s s  t k ~ , : ~  %5O, t h c r c  i s  a nnrlced r e d u c t i o n  
of t h e  r r? . l io .  T3:lc t a ~ d o n  p r o p c l l z r s  a b s o r h  a:n a v e r a g e  of 
8 p c r c e a t  more power t h a n  s i x - b l a d e  p r o p e l l e r s  of e q u a l  
s i z e .  
For  sll b l a d e  uns l - e s ,  thc tan2.en p r o p e l l e r s  hnve 
g r e a t e r  caxinu-n e f f i c i e n c y  t h a n  s i x - b l a d e  p r o p e l l e r s .  
The d i f f c r e r l c e  v a r i e s  d i r e c t l y  w i t h  b l a d e  s:1;i;le a n d  be- 
c o n e s  a3ou t  1 5  p e r c e n t  a t  65". For S l a d c  a n g l e s  a3ove  25O, 
t h c  n a x i r u n  e f f i c i e o c y  of "cnad.en p r o p c l L c r s  i s  g r c n t e r  
th.?,n t h a t  of s i n g l e  t h r e c - > l a d e  propellers. The d i f f e r -  
a n c e  a:;aia v a r i e s  d i r e c t l y  w i t h  bla6-e a a c l e  ztnd i s  a 3 o u t  
9 p e r c e n t  a t  65O. Fo r  b l a d e  a n g l e s  l c s s  t h a n  250 ,  t h e  t a n -  
cten propellers show l e s s  maxinu~n ef , f i .c ienc;r  t h a n  t h r e e -  
S l n d e  p r o p e l l e r s .  
The r e l a t i o n  of t h e  nsxinun-ei ' f ici .?: :cy c u r v e s  f o r  
t h r e e - b l a d e  and  t n ~ d e a  ~ r o i 3 s l l e r s  n3y 3 o  p r e d i c t e d .  The 
d i f f e r 2 a c e  i n  nnxinur! e f f  i c i e n c : ~  :;.t t h e  1.50 B:ade c n g l e  
i s  l o s s  t'-tan .. t!:e r5 i f fe re r icc  i n  ic?enl  e f f i c i e a c y  of nonczl- 
t u n  t k c  3 r y e  The r o t n t i o ~ i n l  eiierc;g i n  t h c  s l i ~ s  trenx? c f  
t h e  t k r e c - b l a d e  p r s i j c l l c r  s e t  150 i s  s n a l l  an? therefore 
l i t t l e  i s  t o  3e gainccl throu:;h eve:i c o n p l a t c .  c o n s e r v a t i o : ~ ,  
n s  sbov~3 3y L a n c h e s t c r  i n  r e f e r e n c e  2. On t h e  o t h e r  hnacl, 
t h o  f i i f f ~ r e a c e  i o  i d e ~ l  c f f i c i o n c y  f o r  t h e  650 Is lace an- 
g l o  i s  o n c - f o u r t h  t h a t  f o r  t h c  150 b l a d e  z n g l e .  Thc r o t a -  
t i o n a l  c:lergy of t h e  s 1 i ; ~ s t r e a n  of t h o  t h r e c - b l n d e  p r c p c i -  
l c r  s e t  55O i s  n a n y f o l d  c r o a t e r .  Even z ~ n r t i a l  c o n s e r v a -  
t i0i1 i.lay t h e r o f  o r e  r c s u l t  i n  cc t r i s idcrab ly  i n 2 r o v e d  
efficient;, 
,ld .," 
C ~ l c u l z t i o n s  f 3 r  e f f i c i e i s c ~ ,  j',,ascd on con1>incd S l a d c  
elenc??.t t..iiS:. no;:ontur.l t h e o r i e s ,  y ie l r led.  r c s u - l t s  q u n l i t a -  
t i v c l r  i i l  a,;:rze~.ont wit11 t e s t s ,  b u t  t h e  differe:?. ,ces fount? 
were l c s a  t h a n  t h o s e  shown i n  f i g u r e  13. lL s o n r c e  of r e l a -  
t i v e  e f f i c i c n c : ?  f o r  t 3 o  r e n r  ~ r o y e l l a r  t h n t  was g r e a t e r  
t h a n  c ~ ~ l c a l n t e d  Ray be K a t z n a y r  e f f e c t .  The r e a r  p r o p e l -  
l e r  ? ] lades  move i n  a wind s t r c a c  of v a r i a b l e  v e l o c i t y  and 
2 f r e c t i o n  inc?uced by t h a  Curward p r o p c l l z r .  I t  has beeo  
shos:~il t h n t ,  i n  an  o s c i l l n C i n l :  vii?il s t rea! : i ,  t h o  L r 3 ~  of a n  
a i r f n i l ,  r e f e r r e d  t o  t h o  i:c.?n.n C i r e c t i o n  of f l o w ,  becones  
s n a l l e r  and  na7 even Fe ne;;ztivc ( r e f e r e ~ l c e  5 ) .  T h i s  c f -  
f e e t  woulC- i ~ l c r e 2 ~ s e  t h o  conpute? .  r s l a t i v c  c f f i c i c n c y  of 
t h e  r e a r  propeller an2 t:?.us t h a t  of t h e  tc?,nilcn c o n % i : ~ a t i o n ,  
F i g u r e s  1 0  and  11 show, 3 9  w 0 ~ 1 - c ~ ~  be e x p e c t e d  f r o n  
f i g u r e  1 3 ,  g r e a t e r  e f f i c i c n c y  f o r  t a n d e n  l 2 r o p e l l c r s  t h a n  
f o r  t h c  s i x - b l c d e  propeller a t  a l l  v a l u e s  of C s .  F i g u r e s  
9 ail$ 11 i n d i c a t e  g r e a t e r  e f f i c i e i i c j  f o r  tn.llder3 x > r o p c l l e r s  
t h2n  f o r  t h ree -b l3 ,de  p r o p s l l e r s  at v a l u e s  o f  2 ,  g r e p t e s  
t h a n  zbout  1 .3 .  F o r  3qu:il power ,  r c v o l u t i ~ n s ,  r,nS! v c l o c -  
i t y  (ccr; ,unl C s ) ,  t h e  c?irt.:7utes and 5ciice t h ~  t i p  speecZ w i l l  
be g Y o a t e r  f o r  t b r e e - b l a d c  z ; r o i j e l l e r s  t % a n  f o r  tc.n?cn Zro-  
p e l l c r s .  T ip  s p e e d  nay  a f f  c c t  c f f  i c i e n c y .  I t  t t e r e f  e r e  
s e e ~ s  t h a t  a n o r e  1-o<:icul S n s i s  f o r  c o c p n r i s o n  of c f f f -  
c i c i c y  t k a n  a t  c q u s l  v e l u e s  of C s  i s  a t  e q u a l  v e l o c i t i e s  
cff :>.clvaacc a n d  t i p  s p e e d s ,  o r  a t  e q u a l  vn l t l e s  o f  TT/;~D, 
The V / ~ D  f o r  e q u a l  caxinun e f P i c i e n c y  of t h r e e - b l a L e  and  
t a ~ i d e n  p r o p e l l e r s  i s  a b o u t  0.55. For  g r e a t e r  ~ r n l u e s  of 
~ / i l ~ ,  t anden  p r ~ p c l l e ~ s  h.ave t h e  f ; r cn . t e r  n a x i 3 ~ 1 ~ 1  e f f i -  
c i e n c ~ ,  For  a  r e s u l t a n t  t i p  s l e a d  o f  1 , O O . O  f e e t  p e r  s ec -  
ond ,  Lhe v e l o c i t : ~  of a d v z ~ ~ c e  a t  ~ / 3 3  = 0.85  i s  n3out  180  
c i l o s  p e r  h o u r ,  Por  l o w e r  t i p  s l ;eeds ,  t h e  v e l o c i t y  s f  
nd7ance i s  p r o p o r t i o n a l l y  r e d u c e d ,  I t  cay be t h u s  s e e n  
t h a t  t n a d c ~ :  p r o p e l l e r s  w i l l  h a v c ,  a t  y e r n i g s i b l e  t i p  s p e e d s ,  
c r e z t c r  e f f  i c  i e n c y  t h a n  th ree -b l zc l e  p r o p e l l e r s  n t  v e l o c i -  
t i e s  of advance  i n  e x c e s s  of 180  z i l c s  p e r  h o u r . .  
Tanden p r o p e l l e r s  a p p e a r  t o  g i v e  no p r o n i s e  of i n -  
p r o v e d  a i r p l a n e  p e r f o r n n n c e  a t  v e l o c i t i e s  below 180  n i l e s  
p e r  hour  u n l e s s  t h e  t i p  s p e e d s  a r c  l e s s  t h a a  1 , 0 0 0  f e e t  
p e r  second .   the;^ s h o u l d  h a v e ,  however ,  p a r t i c u l a r l y  i n  
t h e  zs t i r . : a t ion  of  t h e  a i r p l a n e  p i l o t ,  two i n c i d e n t i a l  ad-  
v a n t a g e s  t h a t  nay  c o n p s n s a t e  f o r  a s n a 1 1  l o s s  of e f f i -  
c i e u c ; ~  a t  low speed .  Theso a r e :  ( 1 )  i n p r o v e n e a t  i n  l o n g i -  
t u d i n a l  c o n t r o l  t h r o u s h  e l i n i n a t i o n  of r o t a t i o n  f r o n  t h e  
a i r  s t r e a n  which a c t s  upon t h e  t a i l  s u r f a c e s ;  and  ( 2 )  i n -  
p r o v e n e n t  i n  l a t e r a l  c c ? n t r o l  t h r o u g h  r c n o v n l  of r o l l i n g  
n o n e n t  due t o  u n b a l a n c e d  torq-ue.  
Tandoc: p r o p ~ l l e ~ s  nay p o s s i b l y  r e s u l t  i n  n d e c r e a s e  
of weight-i2owor r a t i o  f r o n  t h a t  a t t n i n o b l e  w i t h  s i n g l e  
p r o p e l l e r s .  I t  nay  be a s s u n e d  t h a t  t h e  t a a & e n  p r o p c l l e r s  
woulC- have t w i c e  t h e  w e i g h t  of t h r e e - b l a d e  i ? r o p c l l ~ r s  of 
t h e  s a n e  s i z e  and tha t  t h e  we igh t  of s i n i l a r  p r o p e l l e r s  
v a r i e s  2 s  t h e  cube  of t h e i r  l i x o a r  d i d e n s i o n s .  If t h e s e  
a s s u n p t i o n s  a r e  t e n s b l e ,  t h e  wei{;hts of tnnden  and t h r e e -  
b l a d e  p r o p e l l e r s  f o r  oqun l  power aid at  eq-ual t i p  s p e e d s  
w i l l  4 e  i n  t h e  r a t i o  ~f 1 t o  ,Jz. 
Aside  f r o n  dssiL;n of ~ i t c 5 - c o n t r o l  n e c h a n i s n ,  t a n -  
den p r o p e l l e r s  : ~ p l ~ e ? * r  t o  p r e s e n t  b u t  two ;3ossibly d i f f i -  
c u l t  p r o b l e n s :  e l i n i n a t i o n  of z toise  and of dn2gcr  f r o n  
s  t r u c t ~ x r a l  f a i l u r e .  
The r e a r  p r o ; ~ c l l e r  b l a d e s  c s p a c i a l l y ,  a s  t h e g  p a s s  
t h r ~ u < ; h  a :~  a i r  s t r e n n  of v a r i a 3 1 o  v c l o c i t y  and  d i r e c t i o n ,  
p r o d u c e  n o i s e .  The f r e q u e n c y  of t h e  sounZ w a v e s , i s ,  f o r  
e q u a l  r o t a t i o n a l  s p e e d s  o f  t h r a e - b l a d e  t a n d e n  p r o p e l l e r s ,  
6 n. The i n t e n s i t y  and  t h c  v o l u u e  of t h e  sound depends  
upon t h e  v i o l e n c e  of v e l o c i t y  m i d  d i r e c t i o i l a l  changes  en- 
c o u n t e r e d  bg t h e  b l a d e s  nzd upon t h e  n n p l i t u d e  of t h e  v i -  
b r a t i o n s  indueeC i n  t h e n ,  
In  t h e  p r e s e n t  n c d e l  t e s t s ,  t h e  n o i s *  of t h e  t ~ o d e n  
p r o p e l l e r s  was n o s t  noticeable a t  t h e  hic;her r o t a t i o n a l  
s p e e d s  used  f o r  t h e  s n a l l e r  b l a d e  a x g l e s .  I f  t h e  vo3urr;c 
of  sound s h o u l d  i n c r e a s e  c o n t i n u o u s l ; ~  w i t h  s c a l s ,  t h e  n o i s e  
of t c n d c n  p r o p c l l e r s  n a y  c o n s t i t u t e  an o b j e c t i o n a l  f e a t u r e  
i n  f l i g h t .  
I t  i s  o b v i o u s  t h a t ,  b e c a u s e  o f  . v n r i n t i o n  i n  l o a d ,  
f o r c e d  v i b r a t i o u s  o f  t h e  s a n a  f r o q u c n c a  c s  t h a t  of t>hc 
sound waves w i l l  b e  i s p ~ e s s e d  upo:i t h e  p r o p e l l e r  S l a d e s .  
If t h i s  frequency i s  e q u a l  o r  c losc? t o  t h e t  f o r  sone  node 
of e l a s t i c  v i b r a t i o : ? '  of t h e  blrzde i t s c l f ,  t h c r c  w i l l  b e  . 
i a c r c n s c d  n n p l i t n d e  of v i l ~ r a t j . o n  w i t h  resultant s t r e s s e s  
p o s s i 3 l y  ~ r e n t c r  $?izun a l l ~ w ~ i ~ b l e .  
d l thou ,yh  t h e r e  was no e v i d e n t  b lnSe  f l u t t e r  d u r i : ~ ~  
t h e  : lo- ' -e l -propel ler  t o s t s ,  i t  i s  S e l i e v e d  t h i s  p r o b l e n  
nag  bc s e r i o u s  i l  f u l l - s c a l c  o g o r n t i o n .  The f r e q u c r c y  
f o r  t 5 e  f i r s t  J O ~ - e  ~ f  ~ i h r a t i o a  f o r  t h e  noclcl b lnCes  was 
found! ,  -27 o x p o ~ i , : e n t ,  t o  be a b o u t  90 c y c l e s  i3er sccond.  
T k o  f r c q u c l c g  f o r  t h e  sec3-1?. no4e was c s t i n n t e d  t o  be 
a h o u t  560 c y c l e s  per second.  For  g e ~ n c t r i c a l l g  and e l a s -  
t ? .cal l ;?  s i n i l n r  ? ~ l n d e s ,  t h c  f rcqucnc;?  of v i b r a t i o n  v a r i e s  
i u v c r s ~ l y  ~ s  t h e  l - i n e a r  d i n ~ n s i o n s ,  and  t h u s  t h o  f r e q u c n c g  
f o r  t h e  second  nop~c  of v i 7 2 r a t i o n  of 2. 9 - f o o t  p r o p c l l c r  
waul?- b c  lG6 c y c l e s  p e r  seco:zd. ?Jut , i t  1 , 8 6 0  r . ; ~ . n . ,  t 5 e  
f r e q u e n c y  of f o r c e d  v i b r a t i o r -  of t h r e e - b l a d e  t a n d e n  p r o -  
p o l l e r s  w i l l  also 5s 18C c y c l e s  p e r  second.  
The f r e q u ~ ~ c g  of s l n s t i c  v i 3 r a t i o n s  w i l l  bc  i n c r e a s e d ,  
i n  r o t a t i o n ,  3y t h e  s t i f f e n i n s  e f f e c t  of c e n t r i f u g ~ l  f o r c o ,  
I t  npi jenrx,  h o w e ~ r c r ,  t1 : c i t ,  f o r  f u l l - s c a l e  - i , r o p o l l e r s  of 
s i r ~ i l a r  f o r n  a n d  n z t e - i a l  t o  the n o ? . e l c ,  t b c  frequelzc$ 
f o r  t h c  s e c o i ~ ? ~  no6e of e l a s t i c  v i t r n t i o n  a?.y be dangc rous -  
l y  nGar t h n t  cf  t h e  f o r c e d  v i b r a t i o n s .  I n  any e v c n t ,  i t  
s e e n s  t h a t  the 17ossiSic  e f f e c t  of s ~ ~ c h r o n o u s  f o r c e d  and 
e l a s t i c  v i b r n t l o n s  i n  p r o p o s c 5  i n s t a l l n t i o n s  of t a n d e n  
p ropc1Zcr s  s h o u l d  5 e  i : ? v e s t i g a t e d .  
57: ,..?cse t e s t s  hzve shown t h a t ,  f o r  b l a d e  anc;les of lsO 
t o  65O a t  7 5  p ~ r c e n t  of t h c  t i p  r z d i a s  ( 0 , 7 5 R ) ,  i d e n t i c a l ,  
c o u . n t c r r o t c t i n , ~  th ree -b l . 2dc ,  c l o s e l y  spaced  t n z d e n  p ro -  
p e l l e r s ,  a d j u s t c d  t o  a'csorb e q u a l  power a t  nax inun  e f f i -  
c i e n c g ,  ha-re from 2 perce1:t t o  1 5  p e r c ~ n t  g r e a t e r  e f f  i c i e n -  
cy  t h n n  t h a t  of s i x - b l a d e  :Groi>el icrs  of s i n i l a r  b l a d e  f o r n .  
Snndc:~ p r o p e l l e r s  h 2 - t ~ ~  lower  Lxz,xinun e f f i c i e n c y  thnn  
s  i aSy ie  t h r e e - b l a d e  p ~ o p e l l c r s  f o r  $ 1 ~ 3 - e  aoL; les  et  0.75R 
l e s s  t h a n  25 ' .  F c r  l a r g e r  b l a d e  n n d l e s ,  t h e  tnns-en  TO- 
p a l i c r s  l ~ a v e  an i r c r e n s i x , ;  advan tngc  vrhich 1:oconcs a b o u t  
S 12crcent a t  65". 
Taxclcr? i 3 r o p e l l o r s  ~ . 5 s o r 5 ,  r c s p e c t i v e l ~ ,  a b o u t  8 and 
100  i ~ e r c e l l t  n o r c  power tii?.n six-5la:'.e as12 t h r e e - b l a d e  g r o -  
p e l l e r s  of e q u s l  s i z c .  
D a n i e l  G u : ~ ; e n h e i r  A e ~ o n a u t  ic:?,l Lnborn t  o r 7 ,  
S t z n f o r d  U n i v e r s i t y ,  S e p t e c b c ~  2 0 ,  1539. 
1.. D x r n ~ ? . ,  F7ilLisn F., and  L a s l e y ,  33. P. : E x r ~ e r i n e n t n l  
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1019. 
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E c v e r s e  Rotat in;- ;  P r o p s l l c r s  i n  Tanden. R. &: M. 20. 
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N . A . C . A .  
Figure 1.- Blade-form curves, D, diameter; R, radius to the tip; r, station 
radius; b ,  section chord; h, section thickness; P,  geometric pitch. 

N.A.C.A. Fig. 4 
Figure 4.- Difference i n  blade angles f o r  equal torque a t  maximum 
e f f i c i ency  of tan3em p r o p e l l e r s ,  
N.A.C.A. Fig, 
N.A.C.A. Fig. 6 
- 
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Figure 6.- Thrust-coefficient, power-coefficient, and efficiency curves for 
three-blade right-hand propeller. 
N . A . C . A .  Fig,  7 
Figure 7.- Thrust-coeff icient, power-coeff icient, and efficiency curves for 
six-blade propeller, 
Fig. 8 
Figure 8.- Thrust-coefficient, power-coefficient, and efficiency curves for 
three-blade right and left hand tandem propellers, 
Fig, 9 
Figure 9.- Design chart for three-blade right-hand propeller. 
Fig,  10 
Figure 10.- Design chart for six-blade propeller, 
N,A.C.A. Fig. 11 
Figure 11,- Design cha r t  f o r  three-blade r i g h t  and l e f t -hand  
tandem p rope l l e r s .  
N.A.C.A. Fig. 12 
Blade angle of fsrward p rope l l e r  a t  0.75%: ' 
Figure 12.- Effec t  of each p rope l l e r  on the other i n  the  tandem 
cambination at maximum ef f i c i ency .  
N.A.C.A. Fig. 13 
Blade angle at .75 R 
Figure 1 3 , - - m y  gf -sesLLts ah maximum efficiency.  
